Ti-based glassy alloy rods with diameters up to 5 mm were prepared for Ti 41:5 Zr 2:5 Hf 5 Cu 42:5 Ni 7:5 Si 1 in a mutli-component system of (Ti, Zr, Hf)-(Cu, Ni)-Si by conventional copper mold casting. The new multi-component glassy alloy exhibits moderate thermal stability with a supercooled liquid region (ÁT x ) above 50 K. The glass transition temperature (T g ), crystallization temperature (T x ), melting temperature (T m ), liquidus temperature (T l ), and the reduced glass transition temperature (T g =T l ) are 680 K, 730 K, 1143 K, 1199 K and 0.57, respectively. The cast glassy alloy exhibits compressive strength of 2080 MPa, tensile strength of 2040 MPa and Young's modulus of 100 GPa. The reason for the high glass-forming ability (GFA) of the Ti-based multi-component alloy is discussed on the basis of knowledge available for bulk glass formation.
Introduction
Metallic glasses have excellent mechanical, magnetic and corrosion resistant properties, which are essential for structural and functional applications. [1] [2] [3] [4] However, extremely high cooling rates (generally 10 5 $10 6 K/s), which are necessary for metallic alloys to form a glassy phase, cause the limitation of sample dimensions, leading to the restriction of applications of the novel material. 5) Much attention has been paid to find glassy alloys with high glass-forming ability and produce glassy alloys with large three-dimensions in the past several decades. Several theoretical and empirical criterions for easy amorphous formation were proposed during the early time of amorphous alloy study. They include Turnbull's 'deep eutectic' rule, 6) Egami's atomic size rule, 7) Nagel's electronic density rule 8) and Whang's thermodynamic rule (T 0 concept). 9) These rules deal with some compositional, topological, electronic and thermodynamic conditions that facilitate the formation of an amorphous structure. However it is difficult to implement these topological, electronic and thermodynamic conditions in the alloying design for glass formers because of the paucity of the basic data. Based on numerous experimental observations, Inoue proposed a component rule for the search of easy glass formers. 10) According to this empirical rule, a unique stable supercooled-liquid-structure could be obtained when an alloy exhibits three compositional features: 1) multicomponent consisting of more than three elements, 2) significant atomic size mismatches (above 12% among the main three elements), and 3) negative heats of mixing among the main elements. Numerous metallic glasses with large three-dimensions, generally named as bulk metallic glasses (BMGs), have been found under the framework of this rule. [11] [12] [13] The search for BMGs with superior mechanical and functional properties is still a hot topic at present.
Recently, we have tried to improve the glass-forming ability (GFA) of a eutectic alloy Ti 50 Cu 42:5 Ni 7:5 by adding some selected alloying elements (alloy compositions in this paper are expressed in atomic percent). Several alloying elements including Zr, Hf and Si have been reported to increase the GFA of Ti-Cu-Ni ternary alloys. 14) Experimental observations of atomic size distribution of many BMGs suggest that amorphous alloys typically have at least one alloying element with a larger atomic radius and at least one alloying element with a smaller radius relative to the base element. [15] [16] [17] Based on these observations, we choose the elements of Zr and Hf, which have larger atomic sizes (0.1602 nm for Zr and 0.1580 nm for Hf) compared to that of Ti (0.1462 nm), as the candidate alloying elements. On the other hand, Si was selected due to its smaller atomic size (0.1170 nm) compared to that of Ti. Alloy with composition of Ti 50 Cu 42:5 Ni 7:5 , which is located on a eutectic groove of L ! TiNi þ TiCu in Ti-Cu-Ni system, 18) can form a rather thick glassy alloy ribbon with a critical thickness of 200 mm. 19) By fixing the Cu and Ni concentration and substituting Ti with appropriate amounts of Zr and Hf as well as a minor amount of Si for Ti 50 Cu 42:5 Ni 7:5 , we have developed new high GFA alloys in a multi-component (Ti, Zr, Hf)-(Cu, Ni)-Si system, where glassy alloy rods of as large as 5 mm in diameter have been produced by copper mold casting. This paper aims to present the thermal and mechanical properties of the new glassy alloy and to discuss the origin for the high GFA of the multi-component alloy.
Experimental Procedures
Pure elements of Ti (99.8 mass%), Zr (99.8 mass%), Hf (99.8 mass%), Cu (99.9 mass%), Ni (99.8 mass%), and Si (99.99 mass%) were used as starting materials. Alloy ingots with designed compositions were prepared by arc-melting under a purified Ar atmosphere. The weight loss of ingots was measured to be less than 0.1 mass%. It is therefore judged that the compositions of the ingots are very close to the designed compositions. Ribbon samples were prepared from ingots by single-roller melt spinning in an Ar atmosphere and rod samples with various diameters were prepared by injection casting into copper molds. The thickness of melt-spun ribbons is about 20 mm, and the estimated cooling rate is about 10 5 K/s. While the cooling rates of rods with 1 mm and 4 mm in diameters in the copper mold casting were estimated to be 4 Â 10 3 K/s and about 50-100 K/s, respectively. 20) The microstructure of all samples was examined by X-ray diffractometry (XRD) and the microstructure of some rods samples was further examined by transmission electron microscopy (TEM). The thermal characteristics (glass transition temperature, T g , crystallization temperature, T x ) were measured at a heating rate of 0.67 Ks À1 with a differential scanning calorimeter (DSC). The melting behavior (melting point, T m , liquidus temperature, T l ) was measured at a heating rate of 0.083 Ks À1 with a differential thermal analyzer (DTA). The compression and tension tests were carried out in an ambient atmosphere using an Instron testing machine with an initial strain rate of 3 Â 10 À4 s À1 . The samples for compression test had dimensions of 3 mm Â 6 mm, and the tensile samples, which were machined from 3 mm cast rods, had a overall length of 45 mm and gage dimensions of 2 mm Â 10 mm. Fracture surface was examined using a scanning electron microscope (SEM).
Results
Alloy compositions studied are listed in Table 1 . Alloy A, Ti 50 Cu 42:5 Ni 7:5 , is the base alloy in the present study, which corresponds to a eutectic composition, i.e., a eutectic structure (TiNi + TiCu) is formed upon cooling the molten alloy at a slow rate. Alloys B, C, and D have the compositions at which Ti is substituted by 2.5% Zr, 2.5% Zr + 5% Hf, and 2.5% Zr + 5% Hf + 1% Si, respectively. Figures 1 and 2 show the DSC and DTA curves of the melt-spun alloy ribbons, respectively. The thermal parameters of T g , T x , ÁT x (supercooled liquid region, ÁT x ¼ T x À T g ), T g =T m and T g =T l are summarized in Table 1 , along with the largest diameters of glassy alloy rods, d max , obtained by the copper mold casting.
It is evident from Table 1 and Figs. 1 and 2 , that the substitution of Ti with 2.5% Zr (Alloy B) does not cause a distinct change in T l , but a great decrease in T m from 1199 to 1143 K. The T m (1143 K), which will be described below, corresponds to the melting of a new eutectic. The T g , T x and ÁT x were slightly increased by the 2.5% Zr addition. The reduced glass transition temperature, T g =T l , is 0.55, which is almost the same as that of the base alloy. On the other hand, the value of T g =T m increases from 0.56 to 0.59. The d max increases from 200 mm to 1.2 mm.
By substitution of Ti with 5% Hf in alloy B, the T l (of alloy C) decreases from 1226 to 1203 K, resulting in an increase of T g =T l from 0.55 to 0.56. On the other hand, the T m (1143 K) is almost the same as that of alloy B, indicating that alloys B and C are located in a new invariant eutectic reaction area and the new eutectic reaction occurs at 1143 K. The melting region (T l À T m ) is 60 K for alloy C and 82 K for alloy B (see Fig. 2 and Table 1 ), suggesting that the composition C is much closer to the new eutectic point as compared with composition B. The d max of alloy C is 2.2 mm, which is larger than that (1.2 mm) of alloy B. The T g and T x as well as the ÁT x are slightly increased by the 5% Hf addition.
By further substitution of Ti with 1% Si in alloy C, all of the thermal parameters (for alloy D), T g , T x , T m , and T l , exhibit no change or a slight increase as compared with those of alloy C. However, it is noted that the d max dramatically increases from 2.2 mm for the Si-free alloy (C) to 5 mm for Table 1 Some thermal parameters and the critical diameters of studied alloys.
Alloy
Composition Figure 4 shows the XRD patterns of the Ti 41:5 Zr 2:5 Hf 5 -Cu 42:5 Ni 7:5 Si 1 cast rods with various diameters. As can be seen in this figure, the XRD patterns of the cast alloy rods with diameters up to 5 mm exhibit only a halo diffraction peak and no Bragg peaks corresponding to a crystalline phase are observed, indicating that these cast rods are composed of a glassy structure. TEM observation also revealed the formation of a single glassy phase in these cast rods. The DSC curves of the corresponding samples are shown in Fig. 5 . These samples possess the same thermal characteristics. The T g and T x are 680 K and 730 K, respectively. The heat released during crystallization is about 2.1 kJ/mol. On the contrary, two distinct Bragg peaks, which correspond to CuNiTi 2 (cP2) phase, are observed on the XRD pattern of the 6 mm cast rod (Fig. 4) , and the exothermic heat of the 6 mm rod is also considerably smaller (0.4 kJ/mol) than those of the other samples (Fig. 5) . These results indicate that the cast 6 mm rod contains some amount of crystalline phase, indicating that the critical diameter for glass formation lies between 5 mm and 6 mm.
Nominal compressive and tensile stress-strain curves of the Ti 41:5 Zr 2:5 Hf 5 Cu 42:5 Ni 7:5 Si 1 glassy alloy rod are shown in Fig. 6 . The compressive strength and the Young's modulus are 2080 MPa and 103 GPa, respectively. Small serratedplastic deformation can be seen after yielding, indicating that the cast alloy possesses certain ductility. The tensile strength was about 2040 MPa and no plastic deformation was observed. The Young's modulus measured from the tension test is about 95 GPa, which is similar to that obtained in compression test, 103 GPa.
Fractographic observations were carried out to examine the fracture mode of the new Ti-based glassy alloy. The samples were fractured into two segments under either compression or tension test condition. Figure 7 (a) shows a typical side appearance of one fractured segment of the compressive sample. It is clear that the fracture takes place along the maximum shear stress plane, which is declined by about 45-degrees to the direction of applied compressive load. The dominant fractographic feature on the major fracture surface is a vein pattern, being independent of applied compression or tension stress mode. A typical morphology of such a vein pattern on the major crack surface is shown in Fig. 7(b) . The vein pattern is smooth and well developed, which is caused by viscous flow of materials in shear bands. 
Discussion
Several interesting results were obtained in the present study. The first is that the GFA of the eutectic alloy Ti 50 Cu 42:5 Ni 7:5 is greatly improved by 2.5% Zr addition, i.e., the critical diameter of the glassy alloy rod increases from 200 mm for Ti 50 Cu 42:5 Ni 7:5 alloy to 1.2 mm for Ti 47:5 Zr 2:5 -Cu 42:5 Ni 7:5 alloy. The DTA results revealed that the 2.5% Zr addition caused the change in the melting behavior of Ti 50 Cu 42:5 Ni 7:5 alloy, indicating the formation of a new eutectic reaction. The formula of the new eutectic reaction is unclear at present, but the eutectic temperature is 1143 K, which is lower than the eutectic point (1199 K) of TiNi + TiCu. The improved GFA of the present Zr-modified alloy may be due to the formation of the 'deep eutectic' valley.
The other interesting result is the effect of Hf on the GFA. The 5% Hf addition makes the composition of Ti 42:5 Zr 2:5 Hf 5 -Cu 42:4 Ni 7:5 (Alloy C) much closer to the new eutectic point (see Fig. 2 24) However, the detailed knowledge on how the atomic structure is changed by the minor amount of Si addition is still unclear. The other possibility for the minor Si effect is that the Si may act as a fluxing agent, which helps to fix the oxygen atoms dissolved in melt, leading to the suppression of heterogeneous nucleation and hence improving the GFA. The Si atoms may also destabilize TiO 2 clusters present in the melt. 25) We have noted two reports about the effect of minor addition of Si on the GFA of Cu-based alloys, Cu 47 Ti 34 -Zr 11 Ni 8 . Substituting Ti with 1% Si in this alloy, Yim et al. 25) obtained a glassy alloy with a critical thickness of 7 mm by copper mold casting, but Calin et al. 26) obtained a nanoparticles/glass matrix composite in the cast rod of 2 mm in diameter. The conflicting results indicate the complexity of Si effect on the GFA.
Recently, the dramatic enhancement of GFA by minor alloying additions is also an active topic in other glass former systems. For example, the critical thickness increases from 1.5 mm to 12 mm by adding only 2% Er in a glass former of Fe-Cr-Mo-C-B 11) 27) It has been suggested that the remarkable enhancement in GFA originates from the intrinsic role of the minor alloying elements (Y, Er etc.), i.e. destabilizing the competing crystalline phase and stabilizing the liquid phase. 27, 28) It should be pointed out that the Y or Er may also act as a oxygen scavenger, which leads to the suppression of heterogeneous nucleation and improve the GFA, although this effect may be small in some glass former systems. 27) To better understand the phenomena that minor alloying additions significantly enhance the GFA of a poor glass former, detailed studies on the thermodynamic, topological, electronic, and chemical as well as metallurgical aspects are necessary.
Conclusions
New bulk glassy alloys with diameters up to 5 mm were synthesized for Ti 41:5 Zr 2:5 Hf 7:5 Cu 42:5 Ni 7:5 Si 1 . The glassy alloy exhibits relatively high thermal stability with a supercooled liquid region (ÁT x ) above 50 K. The glass transition temperature (T g ), the crystallization temperature (T x ), the liquidus temperature (T l ) and the reduced glass transition temperature (T g =T l ) are 680 K, 730 K, 1199 K and 0.57, respectively. The cast glassy alloy exhibits compressive and tensile strength of about 2080 MPa and 2040 MPa, respectively, with Young's modulus of about 100 GPa.
